3 Data and wireless communications support much of the economic and social structures underlying our daily lives. Over the next decade, the demand for communications systems and data transfer, especially wireless technologies, is expected to grow at an exponential rate. Existing radio frequency (RF) and microwave wireless technologies cannot keep up with this surging demand because of their crowded spectra and limited bandwidth. Expanding the wireless communications window by using white light provides a new pathway for uninhibited growth in data communications and consumption. Light-emitting diodes (LEDs) can be utilized as light sources not only for illumination but also for data transmission; the latter application is referred to as visible light communication (VLC) [1] [2] [3] [4] . VLC has many advantages compared with lowerfrequency communications approaches (including Wi-Fi and Bluetooth), such as energy efficiency, an unregulated communication spectrum, environmental friendliness, greater security, and no RF interferences 2, 5, 6 .
A typical white light source in a VLC system is made of a blue-emitting LED or a laser diode (LD) with phosphors partially converting blue light into green, yellow and/or red emission 7 .
The conventional phosphor for white LED (WLED) illumination, yttrium aluminum garnet (YAG) phosphor Y3−xAl5O12:xCe 3+ (YAG:Ce) 8 , has a critical limitation for VLC applications due to the slow phosphor conversion process caused by the long excited state lifetimes 3 , on the order of microseconds. As a result, the phosphor-associated bandwidth limit is a few (~3-12) megahertz (MHz) in unfiltered VLC systems 3, 9 . To overcome this VLC bottleneck, organic materials, such as BODIPY, MEH-PPV and BBEHP-PPV, have been presented as potential candidates for white light VLC color converters because of their visible light emission, high photoluminescence quantum yield (PLQY), direct radiative recombination and ease of integration with nitride-based semiconductors 9-11 . However, they still suffer from their long excited state lifetimes, thus limiting 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 17, 18 . The primary advantages of these perovskites include long-range charge transport 19, 20 , tunable emission in the visible spectrum, low cost, and facile processability at relatively low temperatures. In particular, nanocrystals (NCs) of CsPbBr3 perovskites exhibit high PLQY (≥ 70%) [21] [22] [23] and a relatively short PL lifetime 21 . These characteristics make perovskites attractive for displays 24 and white light emission [25] [26] [27] . Here, we investigate the fast and predominantly radiative recombination characteristics of CsPbBr3 perovskite NCs as a light converter for VLC in addition to the generation of white light for SSL.
A record light converter-associated modulation bandwidth of 491 MHz was measured in our system, which is significantly greater than those of conventional nitride-based phosphors (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) MHz) and organic polymers (200 MHz) 10 . The light source generates bright warm white light with high CRI -as much as 89 -and a correlated color temperature (CCT) of greater than 3200 K. To the best of our knowledge, this work reports the first VLC system with solution-processed perovskite NCs. This work breaks the bandwidth limitation barrier of phosphor-converted white light VLC systems and showcases a novel utilization of CsPbBr3 perovskite NCs as efficient and effective alternative phosphor materials for VLC and SSL applications simultaneously.
We synthesized CsPbBr3 perovskite NCs via a modified hot-injection method similar to that presented in previous work 28 (see the experimental section). The NCs were characterized by Figure S2 ). Figure 1a inset shows the absorption and photoluminescence (PL) spectra of the NCs dispersed in toluene. As can be seen, the absorption spectrum of the CsPbBr3 NCs does not exhibit any spectral features at wavelengths longer than ~520 nm, which is consistent with previous reports 21, 29, 30 . The NCs exhibit a sharp PL emission peak at 512 nm with a narrow full width at half maximum (FWHM) of 22 nm.
Time-resolved laser spectroscopy has proven to be a critical part of studying excited state dynamics [31] [32] [33] . Here, to study the carrier dynamics of these CsPbBr3 NCs, we performed femtonanoseconds transient absorption (fs-ns-TA) experiments (experimental setup detailed elsewhere 34, 35 ) and time-resolved PL measurements and the results are presented in Figure 1 . The ns-TA measurement was recorded following laser pulse excitation at 350 nm with a pump fluence of 9 µJ/cm 2 . In this TA experiment, we followed the ground-state bleach (GSB) recovery to monitor the charge recombination dynamics, as shown in Figure 1a . The GSB observed at approximately 505 nm, which corresponds to the steady-state absorption spectrum, reveals a full recovery in a 30-ns time window with a time constant of 6.4 ns (shown in Figure 1b) . Because of the low pump intensity for photo-excitation, Auger recombination due to carrier multiplication generated by multi-photon absorption is not appreciable 36 . To also confirm that a multiple exciton generation process is not dominant in the observed dynamics, we performed the TA experiments at two different pump fluencies (9 and 18 µJ/cm 2 ) and almost identical kinetics are recorded as shown in Additionally, we have performed the fs-TA of CsPbBr3 NCs and the results are shown in Figure 1c . The GSB recovery shows an additional component with a characteristic time constant of 103 ± 40 ps which may be attributed to non-radiation recombination due to surface traps 37, 38 .
To further understand the carrier dynamics and the radiative recombination process, we measured 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 8 achieves higher quality emission that is suitable for lighting. Figure 2a , b shows the spectrum and the chromaticity diagram (CIE 1931) coordinates (0.3823, 0.3079) of the generated white light.
The CRI value of the CsPbBr3 NCs with red-emitting phosphor is also greater than that reported value of 76 for organic down-converted white VLC transmitters 10 . Our device also shows enhanced performance than commercial WLEDs based on YAG:Ce 3+ phosphor, which exhibit relatively low CRI (<75) and high CCT (>7765 K) 41 . The device using perovskite NCs phosphor as demonstrated in this work suggests better quality of white light. In comparison, our results present a higher CRI of 89 and a lower CCT of 3236 K, which are essential factors for indoor illuminations 42 and optical display applications 41 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 demonstrated the data transmission of phosphor-converted LD-based VLC using an on-off keying (OOK) modulation scheme. The OOK is the basic form of amplitude shift keying modulation scheme for wireless communication, where the presence or absence of carrier wave represents the ones and zeros of digital data, respectively. A pseudorandom binary sequence (PRBS) 2 10 -1 dataformat was used to modulate the laser intensity, thus transmitting data in a wireless manner. The schematic of the data transmission measurement by OOK is illustrated in Figure 3c . The CsPbBr3
NCs were deposited on a plastic diffuser to serve as a phosphor. The bit-error-rates (BERs) at variable data rates are demonstrated in Figure 3d , where a BER of 7.4×10 -5 is measured at 2 Gbit/s.
The obtained BER measurement adheres to the forward error correction (FEC) standard (BER ≤ Figure 3d ) suggests that the CsPbBr3 NCs phosphor-converted LD VLC is capable of transmitting a high data rate of up to 2 Gbit/s. Finally, we have investigated the operational stability of the films in air, without any encapsulation, under continuous blue laser illumination. Despite having no special protecting layer, the films show promising photostability (see Figure S4 ). In conclusion, we have demonstrated the CsPbBr3 NCs' potential to serve as fast color converters for VLC and SSL by mixing them with a red-emitting nitride phosphor. The direct radiative recombination and short PL lifetime of CsPbBr3 perovskite NCs enabled us to utilize Preparation of Cs-oleate: Cs2CO3 (0.814 g) along with ODE (40 mL) and OA (2.5 mL)
3.8×10-3). The clear open eye as observed in the eye diagram (inset of
were loaded into a 100 mL 2-neck flask, dried for 1h at 120 °C, and then heated under N2 at 150 °C until all Cs2CO3 reacted with OA. The solution was maintained at 150 °C before injection inorder to avoid solidification of Cs-oleate. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 Synthesis of CsPbBr3 NCs: Similar as the previous report 28 , ODE (50 mL) and PbBr2 (0.69 g) were loaded into a 250 mL 2-neck round bottomed flask and dried under vacuum for 1h at 120 °C. OAm (5 mL) and OA (5 mL) were then injected at 120 °C under N2. After complete dissolving of the PbBr2 salt, the temperature was raised to 180 °C and the Cs-oleate solution (4 mL, prepared as described above) was quickly injected. The reaction mixture was cooled in an icewater bath after 5 seconds.
Selected purification of CsPbBr3 NCs:
The crude solution was cooled down with an icewater bath and transferred to centrifuge tubes directly. After centrifuging at 8000 rpm for 15 min, supernatant was discarded and the precipitate was collected separately. The precipitate was dispersed in toluene for centrifugation at 7000 rpm for 5 min, remove the supernatant and collect the new precipitate for another centrifugation by dispersing in toluene. Then the shining green solution was collect for further experiment.
Characterization: UV-vis absorption spectra were obtained using an absorption spectrophotometer from Ocean Optics. Photoluminescence was tested using an FLS920 dedicated fluorescence spectrometer from Edinburgh Instruments. Quantum yield was measured using an Edinburgh Instruments integrating sphere 49 with an FLS920-s fluorescence spectrometer. Powder 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 Transient absorption spectroscopy measurements: The ns transient absorption spectroscopy measurement was recorded following laser pulse excitation at 350 nm with 9 µJ/cm 2 .
The ns time-resolved spectra were measured with a pump−probe EOS setup, in which a standard probe reference channel is attached. The fs-TA spectra were measured with Helios setup, in which a white light continuum probe pulse was generated in a 2 mm thick sapphire plate contained in an Ultrafast System LLC spectrometer. In both this arrangement the probe beam is split into two, one travels through sample and the other is sent directly to the reference spectrometer that monitors 
Eye diagram measurements:
This experiment involve a GaN-based blue laser diode to pump perovskite NCs on a plastic diffuser as phosphor material. The input signal from the bit error rate tester (BERT, Agilent N4903B J-BERT) was pre-amplified using a 26 dB driver amplifier 
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